This paper presents a technique, scanning thermal wave microscopy (STWM),
Introduction
This paper presents a new non-destructive evaluation ͑NDE͒ technique of imaging sub-surface structure on the sub-micrometer scale using thermal waves. Although the atomic force microscope ͑AFM͒ can examine surface structures with atomic resolution, it does not generally yield any sub-surface information. As threedimensional micro and nanoengineered devices are developed in the future, the demand for the NDE technique of micro-and nanostructures is expected to grow. For example, with advances in integrated circuit ͑IC͒ manufacturing technology, the minimum feature size in ULSI circuits is becoming smaller and the number of layers is increasing. This trend poses challenges in the diagnosis and study of the reliability physics of ULSI circuits. Hence, there is a need for developing techniques to locate and characterize sub-surface defects in ULSI circuits buried in insulating materials.
The propagation of thermal waves in a solid can be used to study sub-surface structures at micro and nanometer scales. This is because thermal waves propagate at much slower speeds than sound waves which is commonly used in NDE at large scales. Hence, for a given frequency, the wavelengths of thermal waves are much shorter. When the surface of a one-dimensional semiinfinite medium is modulated in a sinusoidal manner, the temperature fluctuation in the medium is given as ͓1͔ T͑x,t ͒ϭT 0 exp͑Ϫͱ/2␣x ͒cos͑ tϪͱ/2␣x ͒
where x is the distance from the surface, T 0 is the amplitude of the surface temperature fluctuation, is the angular frequency, and ␣ is the thermal diffusivity. From Eq. ͑1͒ the dispersion relation and the wavelength of plane thermal waves are given as vϭ2ͱ␣ f
and ϭ2ͱ␣/ f
where v is the wave speed, f is the wave frequency, and is the wavelength. At 100 kHz, the wave speed in Pyrex glass is about 0.9 m/s and the wavelength is about 9 m. Consequently, phase lag of 1 deg corresponds to 25 nm of distance. If one had to use ultrasonic waves of similar wavelengths, the frequencies required would be in the range of 0.1-1 GHz, which is difficult to operate. One must note, however, that the thermal waves decay exponentially and the decay length is on the order of the wavelength. Hence, features only a wavelength below a surface can be studied. The phase lag and the amplitude of thermal waves depend on the thermal diffusivity of the medium and the wave frequency ͓1͔. Using this principle, extensive work has been done to obtain the thermal properties of materials. This can be classified depending upon whether thermal waves were generated by electrical ͓2-4͔ or optical heating ͓5-7͔ and/or upon whether the phase lag and the amplitude were measured optically ͓5,6͔ or thermo-electrically ͓2,3,7͔. In these works, the focus was on extracting the material properties and not for imaging. Therefore, most of the data were obtained at a single point.
There have also been many efforts undertaken to image subsurface structures using photoacoustic microscopy and photothermal wave microscopy ͓8͔. Photoacoustic microscopy ͑PAM͒ uses photothermally generated acoustic waves to investigate subsurface structures and photothermal wave microscopy images thermal wave propagation and scattering by subsurface defects using probe beam. Thermoreflectance technique was also applied to image amplitude and phase lag distributions in a resistor heated by an alternating current ͓9͔. The same technique was applied to perform reflectance microscopy on a biased MOSFET structure by scanning its gate surface ͓10͔. Ocariz et al. ͓11͔ performed a theoretical study of the scattering of planar and spherical thermal waves by a buried single infinite cylinder. They also measured the amplitude and phase distributions using three different modulated photothermal techniques: thermoreflectance, infrared radiometry, and mirage ͓12,13͔. The resolution of these techniques is diffraction limited by the wavelength of the probe beam, which is approximately 1 m. To overcome this, STWM described here takes advantage of the high spatial resolution ͑ϳ50 nm͒ of recently developed probes for the purpose of scanning thermal microscopy ͑SThM͒ ͓14͔.
Through a benchmark experiment, it is first shown that STWM can image thermal wave propagation with sub-micrometer resolution. Then, STWM is used to measure the amplitude and phase lag 2 Instrumentation Figure 1 shows the experimental setup and the structure of a SThM probe, whose fabrication details were published elsewhere ͓14͔. A resistor in the sample with an AC bias is used as a periodic heat source. When the AC bias frequency is f, the heat generation frequency is 2 f because the power is proportional to the square of the applied current for an Ohmic resistor. While scanning a SThM probe across the sample, the topographical data is obtained under controlled force contact of the atomic force microscope ͑AFM͒. The thermoelectric signal from the SThM probe is fed into the lock-in amplifier ͑LIA͒, which measures the amplitude and the phase lag of the thermoelectric signal at the heating frequency 2 f . The phase lag of the thermal wave is obtained by comparing the phase of the second harmonic of the AC bias applied and the phase of the thermo-electric signal from the probe. Therefore, three ͑topography, phase lag, amplitude͒ images can be obtained simultaneously for STWM.
3 Benchmark Experiment 3.1 Theoretical Analysis. To verify the accuracy of STWM, a test sample containing Al line heaters, shown in Fig.  2͑a͒ , was prepared. While scanning a SThM probe across the periodically heated Al line heater, the phase lag distribution around the heat source was obtained. The sample was also used to measure the thermal conductivity of Pyrex glass by the 3 method ͓4͔, which is plotted in Fig. 2͑b͒ . The measured thermal conductivity was used in a theoretical analysis to predict the phase lag distribution around the periodically heated Al line. This was used as a benchmark to compare the phase lag distributions measured with STWM.
For an infinitesimally narrow line of a periodically steady heat source in an infinite medium, the AC temperature distribution is given as ͓1͔
where Q 0 is the amplitude of periodic heat generation per unit length, k is the thermal conductivity of the substrate, is the angular frequency, i is the imaginary unit, ␣ is the thermal diffusivity, and K 0 is a modified Bessel-function of the second kind of order zero. For the sample in Fig. 2͑a͒ , the Al resistor has a finite width of 2b. The AC temperature distribution for the line heat source with finite width can be obtained by integrating Eq. ͑4͒ and is given as
where q 0 is the amplitude of the periodic heat generation per unit area. Amplitude and phase lag measurements using STWM should be compared to Eq. ͑5͒ to ensure the validity of this technique.
Phase Lag Variation Associated
With Tip-Sample Point Contact. Before we can compare the phase lag distributions measured by STWM with theoretical predictions, it is important to understand the phase lag associated with the point contact of the SThM probe with the sample surface. Previous work has suggested that the dominant tip-sample heat transfer is through a liquid film bridge and that the thermal resistance is on the order of 10 5 K/W ͓15͔. To closely examine the effect of the liquid film, the phase lag must be measured in real time as the probe is moved to and from the sample. Figure 3 shows the phase lag measured at 3.2 kHz and the cantilever deflection as a function of probe height. As the probe is lowered to the sample, the sensor is pulled down abruptly due to the short-range attraction caused by van der Waals force. This is indicated as the jump to contact. The tip-sample heat transfer is enhanced dramatically due to the liquid film and the phase lag decreases rapidly. The value for the phase lag is always negative by its nature. As the probe is moved further down towards the sample, the contact force increases as indicated by the upward cantilever deflection. However, the phase lag does not change appreciably, indicating that solid-solid conduction is insignificant.
When the probe is raised away from the sample, the sensor remains in contact with the sample due to the surface tension of the liquid film until the elastic force of the cantilever overcomes surface tension. At a cantilever deflection of about 30 nm, the cantilever snaps out of contact. The thermal contact through the liquid film is lost and heat conduction through the air dominates heat transfer. The phase lag is sharply increased by about 20 deg, indicating a large increase in tip-sample thermal resistance.
The above experiment shows there exists a liquid film bride between the tip and the sample, which enhances the tip-sample heat transfer dramatically. However, it does not give the value of the tip-sample phase lag. The tip-sample phase lag is related to the time constant of the thermal probe as well as to the tip-sample 
Phase Lag Variation During Scanning.
When the tip is scanned across the sample, the measured phase lag is a sum of the actual phase lag of the wave propagated to the sample surface and that due to tip-sample contact resistance. If the phase lag caused by tip-sample contact resistance varies during the scanning, the interpretation of the measurement results can become very difficult. Therefore, it is important to compare the measurement result with the theoretical prediction directly and check whether the tip-sample phase lag remains constant during the scanning.
One notable observation of the measurement results is that the phase lag distribution is affected by the orientation of the probe with respect to the aluminum heater. There are two such orientations, symmetric and asymmetric ͑see Figs. 4 and 5, respectively͒. The symmetric case will be explained in detail first.
The measurement results with a symmetric probe orientation are compared in Fig. 4 . An offset value was added to the theoretically predicted value on the assumption that tip-sample phase lag remains constant but unknown during scanning. This assumption will be verified later. For the ease of comparison of the two values, the offset was chosen such that the measured and predicted phase lag distributions at a given frequency were equal at xϭ0 ͑see Fig. 4͒ . The offset added to the theoretically predicted value for each frequency is shown in the parentheses next to the heating frequency. Although the data does not show good agreement with theory at low frequencies, the measured results approach theoretical predictions as the heating frequency is increased. The experiments summarized in Fig. 4 also demonstrate this behavior, showing excellent agreement between prediction and measurement at frequencies higher than 1.6 kHz. The small mismatch right on the aluminum heater at 12.8 kHz seems due to the fact that Eq. ͑5͒ does not take into account of surface topography and the finite thickness of the heater.
It is proposed that poor agreement at low frequency is caused by the frequency dependence of wave propagation paths other than tip-sample point contact. In order for the thermal waves propagated to the nitride cantilever through the air to affect the measurement, they must travel to the end of the silicon dioxide tip, where the thermocouple sensor is located ͑see Fig. 1͒ . Hence, it can be argued that the effects of these waves will become insignificant if the penetration depth of the wave in silicon dioxide, ␦ th is less than the probe height, H, i.e., HϾ␦ th ϭͱ␣/ f . For a probe height, Hϭ8 m, the frequency when ␦ th ϭH is 3.2 kHz. The measurement results with an asymmetric probe orientation are shown in Fig. 5 . The asymmetry is higher at lower frequencies and gradually reduces at higher frequencies, as shown in Fig. 5 . This is because of the propagation of thermal waves to the nitride cantilever through the air at low frequencies. Accordingly, the influence of the waves propagated to the cantilever depends upon the cantilever shape and orientation, which leads to the asymmetry. Because the effect of the waves propagated to the cantilever reduces at higher frequency, agreement improves in this range.
The fact that phase lag distribution measurements are affected by the probe orientation at lower frequencies suggests that the disagreement between measurement and theory at lower frequencies is not caused by the variation of tip-sample phase lag, because probe orientation and tip-sample contact resistance are independent of each other. The agreement between phase lag distribution measurement results and theoretical predictions at high frequencies validates the assumption that tip-sample phase lag remains constant during scanning.
Phase Lag and Amplitude Measurement of Thermal Waves From Buried Heat Sources
Having demonstrated that STWM can measure phase lag distribution around an exposed heat source and that the tip-sample phase lag remains constant during scanning, the ultimate goal of the technique is to nondestructively evaluate sub-surface structure at sub-micrometer scale resolution. To demonstrate the effectiveness of the technique, a sample containing two levels of metal interconnect bridged by a via provided by Texas Instruments was used as the object of measurement. Optical micrographs of the sample are shown in Figs. 6͑a͒ and ͑b͒.
To obtain an overall understanding of thermal wave propagation in the sample, the phase lag and the amplitude imaging were carried out. Figure 7 shows the imaging results at the frequency 6.4 kHz. To determine the location and the shape of the subsurface structure, topography, amplitude, and phase lag imaging results must be processed in a mathematically rigorous manner. This becomes a three-dimensional inverse boundary-value problem requiring mathematical proof of the existence and uniqueness of the solution. In this paper, a simpler two-dimensional case is dealt with in a quantitative manner.
The sample was cleaved after the measurement to determine the cross-sectional structure of the sample under the scanning line on which the probe was scanned. Figure 6͑d͒ shows the overall structure of the cross section and Figs. 6͑e͒ and ͑f ͒ show the detailed configurations of Metal 2 and Metal 1, respectively. The cloudy features appearing on top of the silicon dioxide seem to be the material which was ablated by the focused laser beam and then deposited on the surface during the microgroove cutting process. Those cloudy features did not appear in the AFM imaging results before cleavage, as shown in Fig. 7͑a͒ . While surface topography due to Metal 2 is obvious, there is no bump due to Metal 1. Presumably, planarization took place after the silicon dioxide layer was deposited on Metal 1.
When thermal waves are generated by applying an AC bias across a metal line, the amplitude of the thermal wave is related to the electrical resistance of the metal line. The electrical resistances measured across every possible couple of contact pads showed that the electrical resistance of the via itself is approximately 0.3 ⍀ and that the electrical resistance of Metal 1 is nearly the same as Metal 2 and is about 12.4 ⍀.
An AC bias was applied to three different pairs of contact pads separately: contact pads 2 and 3; 1 and 3; and 2 and 4. This was done to generate thermal waves from, both Metal 1 and Metal 2, Metal 1 only, and Metal 2 only, respectively. Comparing these cases, one could observe the effect of thermal wave interference. The range of thermal wave frequencies was from 2 kHz to 100 kHz. Figure 8 shows phase lag distributions measured at three different wave generation modes for each frequency. At each thermal wave frequency the minima of phase lag occur at the points on the surface immediately above the heat sources. Evidently, this is because the distance between the heat source and the sensor is minimal at these points. It should be noted, however, that at lower frequencies the extremum values of phase lag with both heaters operating are different from those with each heater operating separately. For example, when both heaters are operating, r, the amplitude and , the phase lag on the surface right above the right heat source is given by r exp͑i ͒ϭr l exp͑i l ͒ϩr r exp͑i r ͒
where r l and l are the amplitude and the phase lag of the thermal wave from the left heat source, and r r and r are those from the right heat source. The phase lag of the thermal wave from the left heat source is relatively large because of the longer distance it travels, whereas its amplitude is reduced. Therefore, the right minimum of phase lag with both heaters operating is larger than that with right heater only operating. The difference between the extremum values of phase lag with both heaters operating and those with each heater operating separately becomes almost negligible at higher frequencies. This is because thermal waves decay more rapidly when they travel at higher frequencies. Hence, the influence of remote wave sources becomes negligible at high frequency.
One peculiar point is that at 16 kHz the minimum of phase lag with the right heater operating is smaller by about 2.5 deg than that with the left heater operating ͑see Fig. 8͒ . The reason for this is not obvious, as the right heater is buried deeper. Indeed, at 100 kHz the minimum of the phase lag with the right heater operating is larger by about 20 deg than that with the left heater operating. The interpretation of this phenomenon is not straightforward. To understand this and to check the validity of the measurement results, the phenomenon was simulated with a finite element method.
Finite Element Simulations
The computational domain used in the simulation is shown in Fig. 9 . The geometry was built by measuring the sizes of each feature as accurately as possible from Fig. 6 . Though an infinitely large domain should ideally be used, this is impossible in simulation. Hence, a sufficiently large domain was used instead in a way that the domain size was much larger than the decay length of the thermal waves.
The governing equation is given as ciϭkٌ 2 ϩg 0 (7) where is density, c is specific heat, is the angular frequency of thermal wave, is complex temperature which represents both the amplitude and the phase lag, k is the thermal conductivity, and g 0 is the amplitude of periodic heat generation at frequency . Because the characteristic lengths of the features in the sample are much longer than the mean free paths of the electrons and phonons which are typically in the range of 5-10 nm at room temperature, Eq. ͑7͒ derived from the conventional Fourier heat conduction equation is still applicable. The properties of each subdomain were selected according to the materials. The amplitude of heat generation is zero except in Metal 1 and Metal 2. The boundary value of the complex temperature was arbitrarily chosen to be zero, because they are far away. The equation was solved using the partial differential equation solver of MATLAB. Figure 10 shows the phase lag distributions calculated for three different wave generation modes for each fre- Fig. 10 , with both heaters on, the measurement results in Fig. 8 gave a significantly higher peak on the right at 2 kHz and 4 kHz. This is due to the wave propagation paths other than tip-sample point contact, which also caused the poor agreement at relatively low frequencies in Figs. 4 and 5. As a result, the interference of the thermal wave from the left heat source becomes larger than the simulation results during the measurements.
The simulation showed that at 16 kHz the minimum of phase lag with the right heater operating is smaller by about 3 deg than that with the left heater operating. This was observed experimentally earlier in Fig. 8 . Figure 11 shows the difference between the minimum of phase lag with the right heater operating and that with left heater operating at every wave frequency tested. The experiment and the simulation results match very closely. Clearly, the phase lag difference goes through a minimum. Using the analysis, it should be possible to explain this phenomenon by analyzing the simulation results, for which the data below the surface is readily available.
To help understand, the phase lag contours on the cross section at 16 kHz and 100 kHz were depicted in Fig. 12 . The phase lag in the aluminum region where heat is generated is not zero. If the temperature oscillation in the aluminum region is used as the reference for the phase, the phase lag in the heat source region is zero by definition. However, what is used as the reference phase is the phase of heat generation, because the heat generation due to Joule heating is in phase with the second harmonic of the applied AC bias. Consequently, the phase lag in the heat source region is the phase difference between heat generation and temperature fluctuation. This phase lag is influenced by the thermal insulation around the heat source. Figure 12 shows that at both 16 kHz and 100 kHz the phase lag of the left metal line is larger than that of the right metal line. The shapes of both heat sources are nearly the same, and, hence, their thermal mass should be as well. However, the thermal insulation of the metal lines is not. While both metal lines are embedded in a silicon dioxide film, metal line 1 is closer to the silicon substrate. The silicon substrate works like a heat sink because its thermal conductivity is two orders of magnitude higher than that of silicon dioxide. One the other hand, the air surrounding the region around the left heater works like a thermal insulator because its thermal conductivity is very low ͑ϳ0.02 W/m-K͒. Therefore, the difference in phase lag of the metal lines arises from the difference in thermal insulation affected by the distance to the silicon substrate and the surface topography for this case.
The influence of thermal insulation explains why at 4, 8, and 16 kHz the minimum of phase lag measured on the surface due to the left heater is larger than the one due to the right heater, although the left heater is buried shallower than the right one. However, as frequency is increased, the phase lag due to the right heater measured on the surface becomes larger. The reason is as follows. At both frequencies, elliptical wave fronts propagate from the right heat source. Comparing the wave fronts, one can see that above and below the heat source the wave fronts are flatter at 100 kHz. This is due to the shorter wavelength at 100 kHz. The width of the heat source experienced by the wave becomes larger as the wavelength becomes shorter. Therefore, the shape of the wave front approaches that of a plane wave. The flatter shape of the wave fronts at shorter wavelengths results in more isophase lines between the right heat source and the surface. Therefore, at 64 kHz and 100 kHz, the phase lag due to the right heater measured on the surface becomes larger than the one due to the left heater, despite the influence of the thermal insulation.
Spatial Resolution
The phase lag gradient depends on the thermal diffusivity of the medium and the frequency of the thermal wave. For example, the phase lag gradient of a plane thermal wave is given by Eq. ͑8͒.
Typically, the range of the wave frequency used in STWM is from 1 to 100 kHz. In SiO 2 , which is the most common insulating material used in integrated circuits, 1 degree of phase lag corre- sponds to 25 nm of distance at 100 kHz and 250 nm at 1 kHz. Therefore, even with the mildest phase lag gradient at 1 kHz, the phase lag corresponding to the spatial resolution of SThM probe ͑ϳ50 nm͒ is about 0.2 deg, which is much larger than the phase measurement accuracy of lock-in (ϳ10 Ϫ3 deg). Hence, the spatial resolution of SThM probe rather than the phase measurement accuracy of a lock-in determines the spatial resolution of STWM imaging.
In order to retrieve subsurface information from STWM imaging results, one should understand the resolving power of thermal waves as well as the imaging resolution of STWM. For the two buried line heat sources shown in Fig. 13͑a͒ the phase lag distribution on the surface can be obtained from the complex temperature distribution given by Eq. ͑9͒.
where Q 0 is the amplitude of periodic heat generation per unit length, k is the thermal conductivity of the substrate, d is the distance between the two heater, is the wavelength, h is the depth of the heaters, and K 0 is a modified Bessel-function of the second kind of order zero. In order to reveal the underlying physics more clearly, the equation was written with the nondimensional parameters such as the nondimensional coordinate, , nondimensional distance between two heat sources, d/, and the nondimensional depth, h/d. As an example, the phase lag distribution on the surface with d/ϭh/dϭ1 is shown in Fig. 13͑b͒ . For this particular case, the minimum of phase lag between the two peaks above the two line heat sources clearly shows there are two independent buried heat sources. When there exist a phase lag minimum between the two heat sources, the phase lag difference, ͑0͒-͑0.5͒ is positive and the two buried heat sources can be easily distinguished. However, depending on the depth of the heat sources and the distance between them, thermal diffusivity of the medium, and the wavelength, the phase lag difference can become negative. When the phase lag difference becomes negative, it is difficult to tell whether there are two independent buried heat sources.
In order to understand the resolving power of thermal waves, the phase lag difference between the one above a heat source and the other in the center of two heat sources, ͑0͒-͑0.5͒ was plotted as a function of h/d and d/ in Fig. 13͑c͒ . When the distance between two buried heaters is the same with the thermal wavelength, or when the nondimensional distance between two heat sources, d/ϭ1, the phase lag difference, ͑0͒-͑0.5͒ becomes smaller as the nondimensional depth, h/d increases and eventually becomes negative at around h/dϭ3. When the thermal wave length becomes relatively shorter than the distance between two buried heaters, for example, when the nondimensional distance between two heat sources, d/ϭ1.6, the phase lag difference, ͑0͒-͑0.5͒ becomes negative at a deeper location, at around h/dϭ5. Figure 13͑c͒ shows that as the parameter, d/ increases, the buried heat sources are distinguished more clearly. In other words, as the wavelengths of thermal waves become shorter, the resolving power of the thermal waves improves. However, it is not always desirable to use shorter wavelengths, because thermal waves decay more rapidly with the shorter wavelengths and sometimes become difficult to detect. Hence, depending on cases and imaging purposes, the wave frequency should be determined properly.
In summary, the imaging resolution of STWM is limited by the resolution of SThM probe and the resolving power of thermal waves for subsurface structures improves as the wavelengths of the thermal waves become shorter.
Conclusion
This paper presents a technique, scanning thermal wave microscopy ͑STWM͒, which can image the phase lag and amplitude of thermal waves at sub-micrometer scales. This technique would enable nondestructive evaluation ͑NDE͒ of buried micro and nanostructures. To understand the measurement mechanism of STWM, experiments on the nature of the tip-sample contact were performed. These experiments showed that the liquid film between the tip and the sample reduces tip-sample phase lag by enhancing tip-sample heat transfer. The measurement accuracy of STWM was demonstrated by a benchmark experiment, which also showed that the tip-sample phase lag remains constant during scanning.
The ultimate goal of STWM is NDE of sub-surface structure at nanometer scale resolution. To demonstrate the effectiveness of "b… Phase lag distribution on the surface with dÕÄhÕdÄ1; "c… phase lag difference between above a heat source and in the center of two heat sources, "0…-"0.5… the technique a sample containing two levels of metal interconnect bridged by a via was used. The phase lag and amplitude distributions were measured with wave frequencies up to 100 kHz. The comparison between measurements and finite element analysis validated both results. The finite element analysis results showed that the phase lag of the heat source is affected by thermal insulation and that the shape of the wave front depends upon the wave frequency. Finally, simple estimations of the imaging resolution of STWM and the resolving power of thermal waves for subsurface structures were given.
In this paper, only the imaging of active elements that can generate heat was dealt with. However, one can easily imagine that the technique can be extended to the imaging of passive elements that cannot generate heat. For example, a plane thermal wave traveling within a medium would be scattered by a buried structure with different thermal properties from the medium. By measuring the amplitude and phase lag distributions of the scattered thermal wave arriving at the surface, it would be possible to decide the location and shape of the structure.
